ernie values was compared for both methods. Absolute rCBF values recorded with LDF correlated poorly (r = 0.54) with [14C]iodoantipyrine measurements. In con trast, LDF readings expressed as a percentage of isch emic vs. preocclusion readings (relative LDF readings) correlated very well (r = 0.91) with the percent change in ['4C]iodoantipyrine measurements. We conclude that LDF does not provide accurate measurements of abso lute rCBF values but this method allows accurate mea surements of changes in rCBF due to induction of focal cerebral ischemia. Key Words: Focal cerebral ischemia Laser-Doppler flowmetry-Middle cerebral artery occlu sion-Rat-Regional cerebral blood flow. Kvietys et al., 1985; Rundquist et al., 1985; Olsson, 1986; DiResta et al., 1987a; Neufeld et al., 1988) . Some studies presented calibration factors (Feld et al., 1982; Rundquist et al., 1985; Ahn et al., 1985) , suggesting that LDF not only detects relative changes, but also provides absolute flow values, and commercially available LDF monitors display flow in traditional units (i.e., mlllOO g/min).
1985;
A growing number of laboratories are adopting LDF to assess blood flow within the central ner vous system (Williams et al., 1980; Gygax and Wiernsperger, 1982; Chen et al., 1986; Rosenblum et al., 1987; DiResta et al., 1987b; Haberl et al., 1987; Pfister et al., 1988; Coyle, 1988; Arneric, 1988) . Only one study, however, has validated this method for the central nervous system : Lindsberg et al. (1988) found excellent correlation between pharmacologically induced blood flow changes measured by LDF and by a microsphere technique.
The aim of our study was to examine the accuracy of LDF under experimental conditions in which LDF might prove especially useful: the monitoring of cortical microcirculatory blood flow in a rat model of focal cerebral ischemia.
MATERIALS AND METHODS
Twenty-three male rats, 240-310 g [16 Wi star rats, 7 spontaneously hypertensive rats (SHR)], were fasted overnight but were allowed free access to water. The an imals were anesthetized initially with 2% halothane in a mixture of 70% nitrogen and 30% oxygen. Body temper ature was maintained at 37.5 ± O.soc. The right femoral (Wistar) and the tail artery (SHR) were cannulated to monitor mean arterial blood pressure (MABP) continu ously (Beckman R511 polygraph) and to provide serial measurements of arterial oxygen and carbon dioxide ten sions, pH (Corning 158 pHlblood gas analyzer), hemato crit, and blood glucose (Beckman glucose analyzer). Af ter tracheostomy and endotracheal intubation, animals were ventilated by a rodent respirator (Harvard) with a mixture of 30% Oz, 70% Nz, and 0.5-1.5% halothane. Mter induction of ischemia, anesthesia was maintained with 0.5% halothane.
Preparative surgery
Middle cerebral/common carotid artery occlusion (MCAICCAO) was performed as described by Brint et al. (1988) . The right jugular vein was cannulated for the in jection of radiotracers. An atraumatic arterial clasp was placed around the right common carotid artery without compromising carotid blood flow. The right temporal muscle was exposed, retracted, and partly excised. The right middle cerebral artery (MCA) was exposed through a 2 mm burr hole drilled 2 mm rostral and 5 mm ventral to the fusion point of the zygomatic arch with the squamosal skull bone. Two additional burr holes (diameter of 2 mm) for LDF monitoring were placed, 8 mm lateral, 2 mm anterior, and 8 mm posterior to the bregma. During drill ing, care was taken to preserve a thin bone layer to avoid physical injury to the cortex. A gentle saline drip (0.9%, 25°C) over the drilling site prevented thermal injury to the cortex. The bone layer was then carefully removed with forceps without disrupting the dura. The dura overlying the MCA was pierced and a 80 fLm steel hook was in serted under the MCA just superior to the inferior cortical vein, using a MM-3 micromanipulator (Narishigi Instru ments, Tokyo, Japan) without interrupting MCA blood flow. Two to three LDF small caliber probes (Model P433, TSI Inc., see below), attached to micromanipula tors, were placed on the exposed parietal cortex. The probes were advanced to touch the dura without visibly indenting either dura or cortex. Areas with large blood vessels were avoided.
To provide a clear optical medium between the probes and the cortex and to control brain temperature at 37°C, the probes were slowly rinsed with warmed saline. In a pilot series, the use of either saline or artificial cerebro spinal fluid produced no difference in the LDF readings and intracortical brain temperature was shown to be 37°C. After stable readings were obtained from a probe, the probe remained in the same fixed position for the duration of the experiment.
Experimental procedure
After the LDF probes were placed over the cortex, CBFLDF (cerebral blood flow determined with LDF) and MABP were recorded together continuously on a poly graph (Beckman). After a stable baseline was reached, the CCA was occluded by tightening the clasp and the MCA was occluded immediately afterwards by raising the J Cereb Blood Flow Metab, Vol. 9. No.5. 1989 MCA 0.5 mm above the cortical surface with the hook attached to the micromanipulator. A thermal cautery tip was then applied to the hook just above the vessel. This procedure quickly cauterizes and severs the MCA with minimal thermal trauma to the underlying cortex. CBFLDF was recorded subsequently over a time period of 90 to 120 min. The experiment was then terminated by a quantitative CBF study (see beloW).
Nine Wistar rats were subjected to permanent MCAICCAO. These animals were part of another study (Dirnagl, in preparation) and received 2 fLg/kg/min of ni modipine (n = 4) or vehicle (polyethylene glycol, n = 5) 30 min after MCAICCAO as a continuous i.v. infusion. In three Wi star rats, MCAICCA occlusion was reversed 60 min after MCAICCAO by reopening of the carotid clasp and releasing the hook under the MCA (which was not cauterized in these animals). Four Wi star rats served as sham controls and underwent brief arterial manipulation without MCAICCAO. To investigate a possible influence of different rat strains on LDF patterns, seven SHR were subjected to permanent MCAICCAO and included in the study.
Laser-Doppler flowmetry
The principles and technical details of LDF have been described in detail elsewhere (Stern et al., 1977; Bonner and Nossal, 1981; Bonner, 1987; Gush and King, 1987) . In brief, infrared light from a laser diode (wavelength of 780 nm, intensity of 1.6 mW) is delivered to and detected from a tissue area of approximately 1 mm3 by a flexible fiber optic. The light is scattered by both stationary tissue and moving red cells. Scattering by a moving red blood cell results in a Doppler frequency shift, while light scat tered by stationary cells remains unshifted.
Analysis of the backscattered light yields the frequency of the Doppler shift, which is proportional to the red cell velocity. The fraction of the backscattered light that is Doppler shifted is proportional to the total volume of moving blood cells in the tissue sample. An index of red cell flow is then derived from the multiplication of the mean Doppler shift by the fraction of light that is Doppler shifted.
We used a commercially available LDF monitor (BPM 403A, TSI Inc.) equipped with three small caliber probes (P-433, TSI Inc.). This particular LDF instrument is ca pable of monitoring only a single probe. Measurements of CBFLDF at multiple sites is made possible by serially con necting the separate probes to the monitor. The LDF monitor displays blood flow readings in absolute blood flow units (mIIlOO glmin). Flow values are output as DC signal (updated 10 times/s) for external recording. Since our study was designed to validate the method, the "absolute" flow numbers of the LDF device were treated as arbitrary numbers.
Quantitative cerebral blood flow analysis CBF was measured with an indicator-fractionation technique (Van Uitert and Levy, 1978) , modified as de scribed by Van Uitert et al. (1981) for use in the rat with iodoantipyrine as the blood flow tracer. Van Uitert et al. (1981) reported that measurements with iodoantipyrine yielded the same accuracy as measurements with butanol for CBF values in the rat below 180 mlil00 g/min. The indicator circulation time was reduced from 7 s (Van Uit ert et al., 1981) to 5 s further to reduce backflux error (Patlak et aI., 1984) . rCBF values using this modified in-dicator-fractionation method in conscious rats (Pulsinelli, 1985; Brint et al., 1988) agree well with those reported for conscious rats using the tissue saturation technique (Sakurada et aI., 1978; Ohata et al., 1982) .
Immediately after final CBFLDF readings were re corded and shown to be unchanging over a 5 min period, the LDF probes were removed and a guillotine was at tached to the stereotactic frame without movement of the animal. Within 3 min of the last CBFLDF reading [14Cliodoantipyrine (New England Nuclear; 25 fLCi in 0.4 ml) was injected as a bolus in the jugular vein cannula while blood was withdrawn into a syringe with a Harvard pump. The animals were decapitated 5 s after isotope injection. The exact location of each LDF probe was marked by a small dye spot (Alcian blue) placed through the dura with a fine capillary pipette. The brains were then rapidly removed and frozen in Freon-12 cooled with dry ice. Coronal brain sections (20 fLm thick) were cut serially in a cryostat ( -25°C) and exposed to Kodak SB-5 film for 10 days. Aliquots of the withdrawn blood (25 fLl) were dissolved in 0.5 ml of Protosol (New England Nu clear), 10 ml of toluene-Omnifluor (New England Nu clear) was added, and the samples were counted in a Searle Mark III scintillation counter.
Density of the autoradiograms was measured in a I mm2 area at the site of the LDF probes and in the same region in the contralateral, nonischemic hemisphere with a Quantimet 920 image analyzer. A region of interest of 1 mm2 was chosen because the sample volume of LDF is approximately 1 mm3 (Stern et al., 1977; Kiel et al., 1985) .
Regional cerebral blood flow (mI/IOO g of tissue/min) was computed using the equation of Van Uitert and Levy (1978) after comparing the regional optical densities to p4Clmethyimethacryiate standards (New England Nu clear) exposed together with the brain sections.
Statistical analysis
Student's t test for unpaired data was used for compar ing blood flows in the nonischemic hemisphere of sham and control animals and for comparing slopes of regres sion lines (Goldstein, 1964) . The relationship between LDF values and P4Cliodoantipyrine rCBF was examined with a linear regression and Pearson's correlation coeffi cient. Fisher's z transformation was used to compare cor relation coefficients. Table 1 lists the mean (± SEM) arterial blood pressure, arterial p0 2 ' pC0 2 , pH, and hematocrit at MCA/CCAO and just prior to the last CBFLDF mea-surements. Except for mild hypotension due to an esthesia, all physiological variables were within normal limits and did not change during the course of the experiment.
RESULTS

Physiologic variables
Sham control rCBF
Since pre-and postocclusion CBFIAP values (rCBF determined with e4C]iodoantipyrine) could not be obtained in the same tissue sample, CBFIAP values of the contralateral, nonischemic hemi sphere were used to estimate the percent change in rCBF after MCA/CCAO. This estimate is based on the observations that (a) in sham animals (n = 4), no significant difference could be found in CBFIAP between the corresponding right and left hemi spheric tissue areas where the LDF probes were located (left mean = 134 ± 11.0 ml/l00 g/min, right mean = 129 ± 9.4 ml/IOO g/min); (b) there was no significant difference between the CBFIAP in the left, nonischemic hemisphere of the sham group (mean 134 ± 11.0 mlllOO g/min, n = 4) and in cor responding left hemispheric areas of the MCA/CCAO group (mean 143 ± 12.2 ml/l00 g/min, n = 12).
Recording CBFLDF from the cerebral cortex
The baseline LDF values were highly sensitive to probe positioning and showed a wide variability (range of 15-55 arbitrary units). Hence, absolute LDF readings carried little information with respect to rCBF. Care was taken to avoid small displace ments of the probes or animals that could artifactu ally change the LDF reading.
Occlusion of the right CCA led to an immediate drop (�30% in Wistar rats, up to 70% in SHR) in CBFLDF. A tendency of CBFLDF to return to base line after CCA occlusion was interrupted by ipsilat eral MCA occlusion, after which CBFLDF reached its definitive ischemic levels (Fig. 1) .
Ischemic CBFLDF averaged 33% of preocclusion values (range of 3 -86%, SD ± 22%). Despite a large variability of rCBF from minute to minute due to cyclic variations (see below), the mean CBFLDF 90 -120 min after MCA/CCAO did not differ signifi- Data are presented as mean ± SEM. MABP, mean arterial blood pressure. 
Correlation of absolute CBFLDF and CBF1AP
Absolute CBFLDF values (arbitrary units), ob tained just before the CBF1AP study, compared J Cereb Blood Flow Me/ab, Vol. 9, No.5, 1989 poorly to the autoradiographically determined rCBF values (ml/100 g of tissue/min) in the 1 mm 2 tissue area underlying the LDF probe (r = 0.54).
The regression line (Fig. 2 
Correlation of relative CBFLDF and CBF1AP
Relative CBFLDF values (%CBFLDF) were ob major changes of CBFLDF (>50%) and were con sidered artifactual because the accompanying auto radiography showed no important microheteroge neities «100 (.Lm) in rCBF. Johnson et al. (1984) found different skin blood flow resting values (LDF) at various forearm sites, whereas skin blood flow determined with plethysmography did not dif fer between these sites.
The discrepancy between absolute CBFLDF and absolute CBF1AP may be explained by several fac tors. The rat pial microvasculature is very dense, with a distance between branches of pial arteries larger than 75 (.Lm in diameter varying between 0.5 and 1. 5 mm (Craigie, 1963; Baer, 1981; Mchedlishvili and Kuridze, 1984) . The typical dis tance between the two fiber optic light guides at the tip of the LOF probes is 0.5-1 mm (Bonner, 1987 ; in our study: 0.8-1 mm; TSI Inc.). Therefore, place ment of the probe over cerebral cortex free of larger pial vessels is problematic. In most instances, the probe has to be placed in the proximity of a larger pial artery or vein, which then might contribute to the true microvascular flow signal with a high flow velocity and volume component.
Other possible explanations include microre gional variations in perfused capillaries (Kuschin sky et aI., 1987; Tyson et aI., 1987) and differences in local hematocrit (Mchedlishvili, 1986) , Can CBFLDP be calibrated to absolute values with CBF1AP at the end of each experiment?
In a study performed in peripheral nerve tissue, Rundquist et al. (1985) When blood flow is dramatically reduced, a rela tively small discrepancy between measured and real change in rCBF (related to preocclusion rCBF) leads to an unacceptably large error in the estima tion of preocclusion flow.
LDF recording through intact dura mater vs.
exposed cortex
The dura mater was left intact to protect the brain 
Sample volume of LDF
The sample volume of LDF in various tissues seems to be approximately 1 mm3, with a penetra tion depth of 1 mm (Bonner and Nossal, 1981; Bon ner, 1987; Stern et aI., 1977 Stern et aI., , 1979 Kiel et aI., 1985) . We therefore chose a 1 mm 2 sample area for the measurement of rCBF with autoradiography. Some studies, however, suggested that the sample volume might be larger, with structures as deep as 2 or 3 mm contributing to the flow signal (Ahn et aI., 1985; Kvietys et aI., 1985) . No data bearing on that ques tion, however, are currently available for brain tis sue.
The cortex of the rat is approximately 2 mm thick at areas where our measurements were performed (Zilles, 1985) . Since the MCA/CCA occlusion model in the rat produces severe ischemia only in the neocortex (Brint et aI., 1988) and relative CBFLDF and relative CBF1AP were found to corre-J Cereb Blood Flow Metab, Vol. 9, No.5, 1989
late excellently, we assume that brain structures deeper than 2 mm did not contribute significantly to the flow signal. Further studies are required to as sess the penetration depth and sample volume of LDF in brain tissue. scholarship. This research was supported in part by NIH Grants NS-03346 and NS-07141.
Cyclic variations in
